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Graft smooth muscle cells specifically 
synthesize increased collagen 
Charles L. Mesh, MD, Alana Majors, PhD, Debra Mistele, BS, 
Linda M. Graham, MD, and L. Allen Ehrhart, PhD, Cleveland, Ohio 
Purpose: Anastomotic intimal hyperplasia s characterized bysmooth muscle cell (SMC) 
proliferation, but its final form is predominantly extracellular matrix. The purpose of this 
study was to compare collagen synthesis from graft SMC to that from adjacent native 
arterial SMC. 
Methods: Thoracoabdominal bypass grafts were excised 20 weeks after implantation i to 
canine models. SMC harvested from six anastomotic graft segments and adjacent native 
aorta were passaged twice, grown to near-confluence, and then assayed for collagen 
synthesis and total protein synthesis. In four of these sites type I ~-1 procollagen mRNA 
levels were measured and normalized to glyceraldehyde-3-phosphate dehydrogenase. To 
control for increases in collagen synthesis associated with proliferation, SMC were plated 
at equal densities and tritium-thymidine incorporation and DNA concentration were 
determined. Data (mean + SE) were analyzed with two-factor ANOVA for repeated 
measures and paired Student  test and were considered significant ifp < 0.05. 
Results: There was no difference in thymidine incorporation and total protein synthesis 
between groups, but collagen synthesis (graft: 52.9 -+ 1.6 disintegrations per minute/ng 
DNA versus native: 42.6 + 1.9 dpm/ng DNA; p = 0.03) and collagen synthesis as a 
percentage of total protein synthesis (graft: 7.16% + 0.11% versus native: 5.8% + 
0.14%;p -- 0.001) increased significantly ingraft SMC as compared to native SMC. Type 
I ~-1 procollagen mRNA levels were higher in graft SMC, but this difference was not 
significant. 
Conclusions: Graft SMC specifically produce more collagen than SMC from adjacent native 
artery. This change does not simply reflect increases in either total protein synthesis or 
proliferation and may, in part, be due to increased collagen gene expression. (J VASC SURG 
1995;22:142-9.) 
Arterial injury and healing usually leaves neoin- 
timal thickening as the only evidence of antecedent 
trauma. 1,2 This healing process is a continuum that 
involves migration and proliferation of smooth 
muscle cells (SMC), 1 as well as the deposition of 
extracellular matrix components uch as collagen a 
and elastin. 4 Ultimately, 80% of the volume of the 
mature intimal esion is constituted by extracellular 
matrix. 4 Because collagen is the most abundant 
structural protein in large arteries, s its accumulation 
as matrix in healing arteries is important. 
To evaluate the role of cellular collagen synthesis 
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in healing arteries, we have studied a canine arterial 
graft model of neointimal hyperplasia that reliably 
produces intimal thickening. 6 Specifically, we sought 
to compare ongoing total protein synthesis, collagen 
synthesis, and collagen mRNA levels by using 
cultured SMCs from anastomotic segments of graft 
and adjacent native artery in the same dog. Because 
the early events of arterial healing are well defined 4'7 
and because most graft failures from intimal hyper- 
plasia occur relatively late, a graft segments and 
adjacent native artery were studied late, at 20 weeks, 
after implantation. To control for nonspecific in- 
creases in collagen synthesis associated with prolif- 
eration, we compared only those graft and adjacent 
native SMCs with equivalent proliferative rates. In 
this report we show that healing bypass grafts, 
studied relatively late after implantation, have in- 
creased synthesi  of collagen and that this enhance- 
ment is independent of the overall rate of cellular 
protein synthesis. 
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MATERIAL AND METHODS 
Protocol. Four retired breeder female beagles, 
ages 64 to 156 weeks, weighing 9.0 to 11.4 kg, 
underwent standard implantation of thoracoab- 
dominal bypass grafts. 9'm Twenty weeks after sur- 
gery the graft and adjacent native arteries were 
excised, and the graft was carefidly separated from 
the artery at the anastomosis. One to two milli- 
meters of native artery in closest proximity to the 
anastomosis was routinely excised and discarded 
before SMC harvest, leaving the native artery 
grossly normal in appearance. Graft SMC were har- 
vested from a 2 cm segment of the most proximal or 
distal graft. Native SMC were harvested from a 2 cm 
segment of immediately adjacent, normal aorta, pre- 
pared as described above. For purposes of discussion, 
anastomotic site refers to both the anastomotic seg- 
ment of graft and the segment of adjacent normal 
artery from the same animal. All cells were studied in 
the second passage at near-confluence. Six anasto- 
motic sites that had equivalent graft SMC and native 
SMC proliferative rates were chosen for collagen and 
protein comparisons. 
Animal model. Animal care complied with the 
"Principles of Laboratory Animal Care" (formulated 
by the National Society for Medical Research) and 
the Guide for the Care and Use of Laboratory Animals 
(NIH Publication No. 80-23, revised 1985). Ani- 
mals underwent graft implantation through a left 
fourth intercostal space thoracotomy and midline 
incision. Anesthesia was induced with thiamylal 
sodium, 20 mg/kg, (Parke-Davis Professional Medi- 
cal Products, Inc., Greenwood, S.C.), and an endo- 
tracheal tube was inserted for mechanical ventilation 
during thoracotomy and delivery of a 1% to 2% 
isoflourane and oxygen mixture for maintenance 
anesthesia. Penicillin G benzathine, 450,000 units, 
and penicillin G procain, 450,000 units (Pen BP-48; 
Pfizer Inc., New York, N.Y.) were administered 
subcutaneously to all animals immediately before the 
procedure. Lactated Ringer's solution was continu- 
ously infused at a rate of 10 ml/kg/hr during the 
implantation to sustain hydration. Double velour, 
6 mm inner diameter, knitted Dacron grafts (Meadox 
Medicals, Oaldand, N.J.) were preclotted, and the 
distal portion of the graft was anastomosed in an 
end-to-side fashion to the infrarenal bdominal orta. 
After administration fheparin sodium (100 IU/kg; 
Elldns-Sinn, Inc., Cherry Hill, N.J.), the proximal 
graft was anastomosed, end-to-end, to the proximal 
descending thoracic aorta, and the distal, transected 
aorta was then oversewn. After restoration of flow, 
the anticoagulant effect of heparin was reversed with 
protamine sulfate (1 mg/kg; Lyphomed, Deerfield, 
I11.). 
At the time of sacrifice, after induction of 
anesthesia as detailed above, heparin sodium (150 
IU/kg; Elkins-Sinn, Inc.) and papaverine (90 ng/kg; 
Eli Lilly & Co., Indianapolis, Ind.) were adminis- 
tered intravenously. The entire aorta, graft, and both 
iliac and femoral arteries were exposed through a 
thoracoabdominal incision, and all major branches 
were ligated. The right carotid artery and both 
femoral arteries were then cannulated to allow for 
flushing of the graft, aorta, iliac, and femoral arteries 
with 1 L Medium 199 (M-199) tissue culture media 
(Sigma Chemical Co., St. Louis, Mo.) at physiologic 
pressure. The entire aorta and graft were removed for 
cell harvest because the animal was killed while under 
anesthesia. The native aorta and graft were opened 
longitudinally, divided into respective sections, 
rinsed with M-199, and pinned onto Sylgard 184 
silicone elastomer disks (Dow Coming, Corp., Mid- 
land, Mich.) and then placed into M-199. Intimal 
thickening was evident at all anastomoses. 
Cell culture. Vascular SMCs were harvested 
separately from arterial and graft segments. The lumi- 
nal side of each segment was exposed to collagenase A 
(630 U/ml; Boehringer Mannheim Corp., Indianap- 
olis, Ind.) for 10 minutes and then vigorously scraped 
to remove ndothelial cells. The media was stripped 
from the artery, and then segments of graft and media 
were incubated in elastase (15 U/ml; Boehringer 
Mannheim) and collagenase (170 U/ml; Boehringer 
Mannheim) for 2 hours. The supernatant-containing 
SMC was aspirated, pelleted, and resuspended in
M-199 media with 20% fetal bovine serum (FBS) 
(A-I l l -D; HyClone Laboratories, Logan, Utah). 
SMCs were then plated onto serum-coated flasks and 
grown in M-199 with 20% FBS and 0.05 mg/ml 
gentamycin (Sigma Chemical Co.). SMC were sub- 
cultured with 0.05% trypsin (Sigma Chemical Co.) 
and passaged into uncoated wells. Before the second 
passage, SMC were quantitated with a hemacytom- 
eter to ensure qual density plating at 6000 cells/era 2.
Identity and homogeneity of SMC cultures were rou- 
tinely confirmed by use of antibody to o~-smooth 
muscle actin (Sigma Chemical Co.). 
Assay for collagen and total protein synthesis. 
For the study of collagen synthesis, ix 9.6 cm 2 wells 
of SMC cultures from each graft and native arterial 
segment were incubated inM-199 with 10% FBS, 10 
~Ci/ml L-proline-[2,3-aH] (Amersham Corp., Ar- 
lington Heights, Ill.) and 50 t*g/ml sodium ascorbate 
(Sigma Chemical Co.) for 5 hours. Culture medium 
and cell layers were combined, and unincorporated 
JOURNAL OF VASCULAR SURGERY 
144 Mesh et al. August 1995 
radioactive amino acids were separated from protein 
by precipitation on ice with a mixture of 10% 
trichloroacetic a id (Sigma Chemical Co.) and 0.5% 
tannic acid (Sigma Chemical Co.). Precipitated 
material was washed at 4 ° C with a mixture of 5% 
trichloroacetic a id, 0.25% tanic acid, and 1 mmol/L 
L-proline (Sigma Chemical Co.). The labeled protein 
was suspended in 0.2 N NaOH, and an aliquot 
subjected to collagen digestion as described by 
Peterkofsky et al.n to assay both collagen and 
noncollagen protein synthesis. Briefly, the NaOH 
was neutralized, and equal portions were incubated 
with and without purified collagenase (Advanced 
Biofactures, New York, N.Y.). The proteins were 
then reprecipitated with a mixture of 10% trichloro- 
acetic acid and 0.5% tannic acid. The radioactivity of
both the trichloroacetic a id/tannic acid precipitate 
and the trichloroacetic a id/tannic acid-soluble frac- 
tions was then measured in a liquid scintillation 
counter. In the portion treated with collagenase, the 
peptides derived from collagen remained in the 
trichloroacetic acid/tannic acid-soluble fraction, 
whereas the noncollagen proteins were reprecipi- 
tated. The portion without enzyme was used as a 
control to correct for any free radioactive amino acid 
that was bound to precipitated proteins and then 
released by NaOH. Protein synthesis was expressed 
as disintegrations per minute per nanogram DNA. 
Proliferative rates and DNA assay. SMC 
proliferative rate was estimated by measuring 
tritium-thymidine incorporation i to DNA. Three 
9.6 cmz wells of SMC from each graft and native 
arterial segment were incubated in fresh M-199 with 
10% FBS containing 0.5 ~tCi/ml thymidine- 
methyl-SH (ICN Biomedicals, Irvine, Calif.) and 50 
~g/ml sodium ascorbate (Sigma Chemical Co.). 
After rinsing with serum-free media and washing 
with 5% trichloroacetic a id, cells were solubilized in 
0.25 N NaOH. Radioactivity was determined in an 
aliquot by use of a liquid scintillation counter and 
expressed as dpm. 
DNA was quantified in triplicate 9.6 cm 2 wells of 
SMC from each graft and arterial segment by use of 
the bisBenzimide method of LaBarca and Paigen? 2
Ceils were harvested with trypsin and an aliquot 
suspended in 50 mmol/L Na2HPO4, 2 mrnol/L 
ethylenediamine tetraacetic a id, and 0.02% sodium 
azide, pH 7.4. Samples were sonicated for 60 
seconds, and DNA concentration was determined 
fluorimetrically by use of bisBenzirnide (Sigma 
Chemical Co.). 
RNA extraction and Northern analysis. RNA 
was isolated from SMC cultured in 25 cm 2 flasks by 
use of the method of Chomczynski and Sacchi. 13 
Total RNA was extracted in a single step with 
guanidinium isothiocyanate, phenol, and chloro- 
form. The RIgA was then alcohol-salt precipitated 
twice with isopropyl alcohol, washed with ethanol, 
and solubilized with sodium dodecyl sulfate (SDS). 
RNA was quantitated by use of ultraviolet absor- 
bence at a wavelength of 260 nm. The mRNA was 
then separated by length and charge by subjecting 
5/xg aliquots of total cellular RIgA to electrophoresis 
through a 1% agarose, 6% formaldehyde g l. The 
RNA was transferred to and stabilized on nylon 
membrane for subsequent filter hybridization. 
Probes for hybridization were prepared by use of 
the random primer method and labeled with phos- 
phorus 32 deoxyadenosine triphosphate (Amer- 
sham). Prehybridization and hybridization were 
performed in a hybridization oven with QuickHyb 
Rapid Hybridization Solution (Stratagene Cloning 
Systems, LaJolla, Calif.). Filters were washed once at 
room temperature with 2X SSC/0.1% SDS and then 
once with 0.1X SSC/0.1% SDS at 55 ° C. Autora- 
diographs were exposed from 3 to 12 hours and 
interpreted by use of laser densitometry. All filters 
were hybridized with the probe for the constituitively 
expressed protein glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) to control for differences in 
total RNA loaded into each well. The type I collagen 
cDNA is a 1500 bp EcoRI restriction fragment of the 
Hf677 cDNA 4, codes for the carboxy-terminal por- 
tion helical region of the cl-I chain of the type I 
collagen molecule and the carboxy-terminal propep- 
tide region, and hybridizes with an mRNA doublet 
of 5900 and 7200 bp. All cDNA was isolated by large 
scale preparation with the Plasmid Maxi-Kit (Qui- 
agen Inc., Chatsworth, Calif.), cleaved with appro- 
priate enzymes and then labeled as described above. 
Statistical analysis. Data are expressed as 
mean _+ standard error. Paired data were subjected 
to two-tailed paired Student's t test. Unpaired ata 
were compared by use of unpaired two-tailed Stu- 
dent's t test. Repeated measures were subjected to 
analysis of variance. Significance was assumed if 
p < 0.05. 
RESULTS 
Proliferation. Graft SMCs reached confluence 
more rapidly than did those harvested from adjacent 
native artery. Although thymidine incorporation 
varied at individual anastomotic sites, as a group 
there was no significant difference in the proliferative 
rates for graft as compared with native SMCs (data 
not shown). 
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Fig. 1. Total collagen synthesis in anastomotic graft and adjacent ative aortic SMCs. Collagen 
synthesis is normalized to nanogram of DNA to provide per cell synthetic rate 
(mean _+ standard error; n = 6). Total collagen synthesis was significantly increased in
anastomotic graft SMCs (p = 0.03). 
Collagenous and noncollagenous protein syn- 
thesis. Total collagen synthesis was significantly 
increased ingraft SMCs compared with native SMCs 
from all individual anastomotic sites. As a group total 
collagen synthesis increased 24% in graft as com- 
pared with native SMCs (graft 52.9 + 1.6 dpm/ng 
DNA versus native 42.6 +__ 1.9 dpm/ng DNA; 
p = 0.03) (Fig. 1). Total protein synthesis varied 
between animals yet was not significantly different in 
graft as compared to native artery (Fig. 2). Collagen 
synthesis, expressed as a percentage of total protein 
synthesis, was consistently increased in individual 
graft segments and, as shown in Fig. 3, was 
significantly increased by 23% in the graft SMC 
group compared to native cells (7.16% + 0.24% 
versus 5.80% + 0.14%;p = 0.001). 
Collagen mRNA. Total RNA was available for 
densitometric analysis from four anastomotic sites. 
As demonstrated in Fig. 4 type I oL-1 procollagen 
mRNA levels were higher in graft SMC cultures as 
compared with cultures from adjacent native aorta 
(1.03 _+ 0.24 versus 0.61 __ 0.30; p = 0.09). 
DISCUSSION 
The success of arterial bypass grafting is depen- 
dent on the healing of the incised arterial wall to the 
bypass conduit. This is a multistep rocess, initially 
dependent on the proliferation and migration of 
endothelial nd SMCs. 14-18 The SMCs complete the 
process by depositing extracellular matrix, and, in 
most cases, this leads to a low profile graft-artery 
interface. 19,20 In most of the grafts that fail within 1 
year of placement, his healing process is disor- 
dered. 8'2~ A lesion develops at the anastomosis that 
narrows the arterial lumen, reduces blood flow, and 
allows thrombosis. Known as intimal hyperplasia, 
this lesion is composed predominantly of extracellu- 
lar matrix. Because collagen is the major component 
of the extracellular matrix, an important step in the 
prevention of intimal hyperplasia is first to under- 
stand collagen deposition in these lesions. We have 
studied collagen synthesis in an animal model of 
bypass graft healing. Although canine bypass grafts 
heal faster and more completely than do implants in 
human beings, 22'23 this model was chosen because of 
the relatively large volume of tissue required to 
perform the multiple assays on early passage cells 
from the same animal. Of the large animals appro- 
priate for such studies, the dog provides the slowest 
graft healing ~2 and therefore most closely resembles 
the human condition. Our data show that SMCs 
from bypass graft anastomotic segments produce 
more collagen, both per cell and as a percentage of
total protein synthesis, than do SMCs from adjacent 
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Fig. 2. Total protein synthesis n anastomotic graft and adjacent native aortic SMCs. Total 
protein synthesis normalized to nanogram of DNA to provide per cell synthetic rate 
(mean +_ standard error; n = 6). Total protein synthesis i  not significantly different in graft 
anastomotic and adjacent ative aortic SMCs. 
native artery. This augmentation, in part, is a 
reflection of enhanced type I ~-1 procollagen mRNA 
production. The enhanced collagen synthesis was not 
a reflection of nonspecific, global increases inprotein 
synthesis, and was maintained over multiple passages 
in cells with similar proliferative rates. These data 
suggest hat the phenotype of SMCs from healing 
grafts is different from that of SMCs from adjacent 
native artery in that it can be characterized by 
significantly enhanced collagen synthesis. 
The in vitro environment of tissue culture causes 
a number of changes in SMC after harvest from the 
in vivo environment. When SMCs are initially plated 
into culture, they undergo logarithmic ell division 
and proliferation. Simultaneously, total protein syn- 
thesis increases 24to provide the raw materials for new 
ceils. As the cells reach confluence, cell division and 
protein synthesis both decrease. The inverse relation- 
ship between proliferation and cell density is well 
defined. 2sa7 However, the relative relationship be- 
tween collagen synthesis and cell density is contro- 
versial. Early work by Burke and Ross 28 in monkey 
SMCs demonstrated that there was no difference in 
per cell collagen synthesis between rapidly dividing 
and quiescent cells. In contrast, Anget  al.29 and 
Okada et al. 26 found that rabbit SMCs in the 
logarithmic phase of cell proliferation concomitantly 
synthesized increased amounts of both collagen and 
total protein. As cells reached confluence, both 
collagen and total protein synthesis decreased. Majors 
and Ehrhart 3° also have shown that per cell collagen 
synthesis increases in rapidly proliferating ceils but 
then decreases a  cells become density arrested. Our 
study was designed to avoid comparison of density- 
arrested, slowly proliferating cells with reduced levels 
of collagen synthesis to sparse, rapidly proliferating 
cells with enhanced levels of collagen synthesis. For 
this reason, cells were only studied near confluence. 
Cultures with low DNA concentrations and high 
thymidine incorporation were eliminated. The rela- 
tively equal proliferative activity of graft and native 
cells suggests that the enhanced collagen synthesis n 
grafts is not simply a nonspecific reflection of 
proliferative state. Moreover, in slowly proliferating 
graft cells, collagen synthesis was always increased as 
compared with more rapidly proliferating cells from 
adjacent native aorta. This suggests that the pheno- 
type of graft cells is fundamentally changed. 
The alteration in collagen synthesis that we 
observed in graft SMCs suggests ustained pheno- 
typic modulation. The microstructural changes of 
newly cultured cells as they modulate from a con- 
tractile to a synthetic phenotype has been described 
by numerous investigators. 24'27'2s'31 Initially, cells in 
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Fig. 3. Collagen synthesis as percentage of total protein synthesis in graft anastomotic and 
adjacent native aortic SMCs. Graft anastomotic SMCs produced significantly more collagen as 
percentage of total protein synthesis than did adjacent native aortic SMC (mean _+ standard 
error; n = 6;p = 0.001). 
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Fig. 4. Northern blot analysis of SMC mRNA from graft anastomotic and a jacent native 
aortic smooth muscle cells. Probe for type I a-1 procollagen hybridizes to bands at 5.9 and 7.2 
kB. Probe for GAPDH hybridizes at 1269 bp. Type I procollagen is increased in graft 
anastomotic SMC. 
culture are contractile in phenotype, with sparse 
equipment for protein synthesis (endoplasmic reticu- 
lum) and abundant contractile proteins. With modu- 
lation to the synthetic state, the apparatus for protein 
synthesis appears, and myofilaments decrease. Coor- 
dinate with the appearance ofendoplasmic reticulum, 
total protein synthesis and collagen synthesis in- 
crease) 1As the cells approach confluence, myofila- 
ments again appear, endoplasmic reticulum is re- 
moved, and consequently total protein synthesis 
decreases toward baseline. Okada et al. 26 found that 
as SMCs approached confluence, collagen synthesis 
diminished in parallel with decreases in protein 
synthesis. Ang et  al. 29 reported that collagen synthesis 
decreased as cells approached confluence, but they 
emphasized that the decrease in collagen synthesis 
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was smaller in magnitude than the associated de- 
creases in total protein synthesis. Both groups noted 
that collagen synthesis as a percentage of total protein 
synthesis increased in synthetic cells, decreased as 
cells resumed contractile states, but always remained 
elevated as compared with baseline. Our graft and 
native SMCs were modulated to the irreversible 
synthetic phenotype because both cell populations 
had undergone multiple doublings? 2However, graft 
SMCs exhibit a further phenotype characteristic, 
pronounced collagen synthesis that distinguishes them 
from native SMCs. The fact that this difference was 
preserved in vitro implies that the forces influencing 
graft SMCs continue to exert their effects in culture. 
The deposition of collagen in healing arteries is 
the result of a balance between collagen synthesis and 
collagen degradation. Type I collagen is estimated to 
compose at least 66% of all collagen present in 
arteries. 5,3a Injured arteries uniformly increase col- 
lagen synthesis, 34-3s with type I collagen remaining 
predominant? ,34 Because collagen synthesis initially 
requires the expression of messenger RNA coding for 
procollagen we examined type I ~-1 procollagen 
mRNA levels. Our data show only moderate in- 
creases in type I u-1 procollagen gene expression in 
SMCs from grafts as compared with those from 
adjacent native artery. Previous workers have dem- 
onstrated that procollagen mRNA rapidly increases 
and then falls within weeks of arterial injury. 7 
Although our mRNA data are consistent with these 
findings, in that graft SMCs were studied relatively 
late after implantation, the modest increases in 
procollagen mRNA can not fully explain the en- 
hanced collagen synthesis in graft SMCs. Because net 
collagen synthesis is the result of transcriptional and 
posttranscriptional events, the enhanced collagen 
synthesis noted in graft SMCs may reflect posttran- 
scriptional collagen modification. Such translational 
regulation of collagen synthesis has been demon- 
strated previously in bovine SMCs, 39 human skin 
fibroblasts, 4° and chicken chondrocytes. 41 Reduced 
collagen destruction as a result of reduced matrix 
metalloproteinase l vels, reduced metalloproteinase 
activity, or both may permit significant collagen 
synthesis in the face of only modest increases in 
procollagen mRNA. Our data support such a theory 
because total protein synthesis was not significantly 
different between graft and native SMCs. This may, 
in part, reflect reductions in matrix metalloproteinase 
production. Future investigations of these metallo- 
proteinases and their inhibitors in healing arteries 
may provide significant clues to the mechanism of 
collagen deposition that causes intimal hyperplasia 
and eventual graft failure. 
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